Holography can offer unique solutions to the specific problems faced by automotive optical systems. Frequently, when possibilities have been exhausted using refractive and reflective designs, diffraction can come to the rescue by opening a new dimension to explore. Holographic optical elements (HOEs), for example, are thin film optics that can advantageously replace lenses, prisms, or mirrors. Head up display (HUD) and LIDAR for autonomous vehicles are two of the systems where our group have used HOEs to provide original answers to the limitations of classical optic. With HUD, HOEs address the problems of the limited field of view, and small eye box usually found in projection systems. Our approach is to recycle the light multiple times inside a waveguide so the combiner can be as large as the entire windshield. In this system, a hologram is used to inject a small image at one end of a waveguide, and another hologram is used to extract the image several times, providing an expanded eye box. In the case of LIDAR systems, non-mechanical beam scanning based on diffractive spatial light modulator (SLM), are only able to achieve an angular range of few degrees. We used multiplexed volume holograms (VH) to amplify the initial diffraction angle from the SLM to achieve up to 4π steradian coverage in a compact form factor.
INTRODUCTION
Holographic optical elements (HOEs) are thin films of material where a diffraction pattern has been permanently recorded. This diffraction pattern can transform any incident wavefront to any predefined output wavefront. As such, HOEs can replace virtually any other optical element, such as lenses, prisms, or mirror.
1, 2 In addition to being very versatile, HOEs also offer the benefits of being thin, light, robust, and conformational. This later term describes the fact that HOEs can be coated onto non-planar surfaces, and conform to the shape of the support. These many advantages make HOEs extremely interesting in systems where the weight and size is limited, and where vibration can be an issue for other optical assembly. All these factors are extremely important in aerospace and automotive applications, which makes HOE a technology of choice for these environments.
The recording of HOE is achieved using an interferometric setup where a coherent laser beam is divided in two, forming a reference, and an object beam. 3 The reference beam is usually uniform and collimated, while the wavefront of the object beam is shaped according to the wavefront that needs to be reproduced when the HOE is used. These two beams interfere inside the recording material, where the intensity interference pattern is imprinted as refractive index modulation. This index modulation is the diffraction pattern that will diffract the incident beam when the HOE is read.
There exist several holographic recording materials to manufacture HOES. 4 The most commonly used nowadays is photopolymer such as the Covestro Bayfold R , which is commercially available, benefits from a decent sensitivity (10 mJ/cm 2 ), and is easy to post process by simple UV (sun or lamp) exposure. Dichromated gelatin (DCG) is another material of choice that can achieve extremely high index modulation, and is robust to the Send correspondence to P.-A.B.: pablanche@optics.arizona.edu environment once encapsulated.
5 However DCG has a very short shelf life that limits its distribution, has a low sensitivity (100 mJ/cm 2 ), and has a wet chemistry post-processing that is laborious to control.
The properties of HOEs, such as the efficiency (η) and the angular (∆θ) or spectral (∆λ) dispersion, depend on the materials physical parameters: thickness (d), and index modulation (∆n), as well as the diffraction pattern frequency (Λ). The angular direction (θ) of the main diffraction order is given by the Bragg's law:
The calculation of the diffraction efficiency according to the incidence angle or the wavelength, is more tedious and requires the use of the rigorous coupled wave analysis. 6 As an alternative, the Kogelnik coupled wave analysis theory, 7 or the parallel stacked mirrors approximation developed by Brotherton-Ratcliffe 8 both give very good results for a far simpler computation.
Some of the aberrations observed with HOEs due to media shrinkage/swelling, or due to the change of the light source between recording and reading can be calculated using the Bragg's law and some trigonometric relations between the point sources and image.
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In the following sections we present two specific examples where we have used HOEs to circumvent the limitations of the classical optical system that directly apply to automotive applications. The first one is a HUD with extended field of view and eye box. The second is a non-mechanical beam scanning system for LIDAR.
HOLOGRAPHY FOR HUD
Although HUDs provide major advantages in term of visibility of the information and driver awareness, 10 the image displayed by HUD in automotive as well as aircraft has been kept relatively small due to the fact that, to increase its size, the relay optics that project the image onto the combiner need to become larger as well. It is simply not possible to house such large optics in either the dashboard of an automobile or the canopy of a plane.
Holographic combiner
Holographic combiners, using a reflective HOE, offer many benefits over other technologies. Their narrow bandwidth means they can let more outside light pass through, making them more transparent. They can diffract the light at a different angle than the Fresnel reflection from the substrate, avoiding the disturbing double image that can be observed with dichroic filters. As we have mentioned in the introduction, they can be conformational and applied directly to the curved windscreen or canopy. And lastly, they can act as the last collimation lens, which allows for a larger image than if that lens was in the projection system. These holographic combiners have been successfully used in both HUD and head mounted display (HMD).
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Figure 1 presents the recording and use of a conformational holographic combiner. To avoid aberrations, the object beam used in the recording setup should have the same wavefront as the reading beam. To provide accommodation at infinity, the reference beam should be collimated. The diffracted beam reproduces the same wavefront (complex conjugate) as the initial reference beam.
Since some people wonder about how to update the holographic image displayed by the combiner, it should be pointed out that the holographic combiner is a reflective hologram that does not present any image per se. Rather, the combiner acts as a mirror where the image from the projector is reflected onto.
Waveguide system
More recently, waveguide optics have been used to improve upon the traditional reflective holographic combiner. [17] [18] [19] [20] The unique property of this system is that the light that travels inside the waveguide using the total internal reflection (TIR) condition can be recirculated and extracted several times. This mechanism increases the size of the pupil to offer a larger eye box. A schematic representation of this process is presented in figure 2.
Bears noting that there exist several conditions for the successful expansion of the pupil using a waveguide: for the technique to present one single image, instead of multiple copies of the same image, the extraction should be collimated, which puts the image at infinity. Luckily, this is the type of configuration mostly used for HUD. The image propagating inside the waveguide also needs to be collimated. If not, the different extractions would present an image with different magnifications due to the continuous expansion of the image during its propagation inside the waveguide. To make sure there is no gap between the different extractions, the left-most part of the image (red beam in fig. 2 ) should reflect back to the right-most part of the image (blue beam in fig. 2 ). This condition, which is also linked to the TIR critical angle, connects together the minimum size of the image at the injection hologram (L m in) with the thickness (d) and index of refraction (n) of the waveguide:
Finally, to balance the intensity of the different extractions, the efficiency of the extraction hologram should increase along the length of the waveguide. This is because the amount of light inside the waveguide (I(n)) decreases after each partial extraction of the image as:
With I 0 is the initial intensity, N the number of extractions, and n the extraction number.
For each extraction to have an equal intensity of I/N the diffraction efficiency η of the n th hologram should be: It is possible to generalize the principle of the pupil expansion in two dimensions by adding a redirection hologram in the waveguide architecture. This configuration is presented in figure 4 Figure 4. Two dimensional pupil expansion using waveguide propagation and 3 holograms: injection, redirection, and extraction.
HOLOGRAPHY FOR LIDAR
With the introduction of autonomous vehicles, and the explosion of drones for civilian applications, light detection and ranging (LIDAR) uses for collision avoidance and topological measurement is becoming ubiquitous.
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Non-mechanical beam steering
The dominant beam steering mechanism for LIDAR scanners is a galvanometric mirror system. However, nonmechanical beam steering (NMBS) technologies are a particularly interesting alternative, since they are not prone to mechanical failure due to fatigue; they are faster, lighter, and can generate arbitrary scanning patterns including multicasting (multiple beams). They are also more compact which, in the case of automotive vehicles, can be highly appreciated. We all have seen these pictures of early self-driving cars with a spinning mirror on the roof, and no one wants their next vehicle looking like that.
Existing technologies for NMBS include liquid crystal on silicon (LCoS), micro electro-mechanical systems (MEMS), phase delay array (PDA), electro-optic modulator (EOM), and acousto-optics modulators (AOM).
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Although these technologies are all very promising, they all have a common weakness that impedes their adoption: their maximum sweeping angle is severely limited. This sweeping angle varies with the technology: from a few degrees (LCoS, MEMS, PDA), to around ten degrees (EOM, AOM), but certainly does not cover the large field of view required for automotive LIDAR applications.
The root cause of the limited steering angle for NMBS systems can be understood by examining the fundamental physics of scanning system. In these devices, the steering is accomplished by introducing a spatial phase modulation in the transverse section of the beam. According to the frequency (Λ) of this modulation, the beam is diffracted to a specific angle (θ) that can be calculated using the Bragg law given in equation 1.
The maximum diffraction angle that can be achieved by an SLM/PDA occurs when displaying a binary grating. Using 4 µm as a typical pixel pitch value for the SLM/PDA, the binary grating has an 8 µm periodicity, or 125 lp/mm frequency. For a 1550 nm wavelength (c-band telecommunication) the maximum diffraction angle found using eq. 1 is ±5.5
• . When integrated in both directions, this corresponds to 3E-2 steradian. EOMs and AOMs are able to deliver larger angles, but are still limited to approximately ±10
• , or 0.1 sr. For the commercial applications such as LIDAR, a scanning angle of at least π steradian is required.
The scanning range becomes even smaller when using a blazed grating. A blazed grating has a saw-tooth profile and requires more pixels, or emitters, to form the diffraction pattern on the SLM/PDA. The use of blaze gratings is strongly desired for beam steering because their efficiency is much higher than binary grating. 27 The equation governing the diffraction efficiency (η) according to the number of discrete levels (N ) used to reproduce the sawtooth function is:
It can be seen in figure 5 where equations 1 and 5 are plotted simultaneously, that when the number of pixels defining the grating increases, the efficiency increases, but the diffraction angle decreases. The fundamental reason why non-mechanical beam steering devices are limited to a few degrees of angular amplitude derives from the pixel pitch and the Braggs law, and cannot be overcome by simple improvements in the underlying technologies.
Holographic amplification of the scanning angle
A complementary system that amplifies the diffracted angle to cover a significant portion of the sphere (solid angle) is required to bring the benefits of NMBS system to fruition.
One possible approach to amplify the NMBS small scanning angle would be to place a simple refractive lens in the output optical path. However, in this approach, the beam would not be collimated but diverging, which prevents its use in LIDAR applications. To keep the beam collimated, a second lens is needed to form a telescope. Unfortunately, this configuration is bulky and restricts the field of view to unacceptable levels due to the conservation ofétendue.
Holography can come to the rescue once again by using multiplexed Bragg gratings. Bragg gratings are volume holograms that are highly selective according to the angle of incidence of the light: only the light arriving at a particular angle is diffracted to the desired direction by the grating. The light that is incident to other angles passes through the grating unaffected. By superimposing several Bragg gratings, or alternatively, by multiplexing several Bragg gratings into the same material, it is possible to redirect the light incident at different discrete angles to other arbitrary angles. The diffraction angles can be much larger than the incident angles, making it possible to redirect the light in predetermined direction. A schematic of such a system with two Bragg gratings is present in figure 6 . The number of incident angles that the system can redirect is equal to the number of Bragg gratings that are present. Other angles are transmitted through the system and the light is not lost. The angular selectivity of a Bragg grating can be computed using the Kogelnik theory of coupled wave analysis. 7 In first approximation, the angular selectivity is inversely proportional to the thickness of the grating. Figure 7 shows the diffraction efficiency according to the angle of incidence for Bragg gratings with different thicknesses (d) in microns. The Bragg angle i.e. the angle with maximum efficiency is kept constant at 5
• . To accommodate for the thickness increase, the index modulation (∆n) is reduced proportionally.
Coupled wave theory computation, presented in figure 8, shows that for an angular selectivity of 0.1
• , which is achievable with NMBS devices, an amplification factor of 10 for the output angle, and a cross talk < 8dB between the incident angles, which is required for LIDAR application, the thickness of the Bragg grating should be 10 mm. This computation assumes a wavelength of 1550 nm, which is the preferred band of operation for By itself, the layer of multiplexed Bragg gratings can expand the angular coverage of the scanning system up 2π steradian, which is already significant. It is furthermore possible to double that coverage up to the entire sphere: 4π steradian, by the addition of a hemispherical lens on the top of the Bragg gratings. This system is presented in figure 9 where another layer of holographic gratings is coated on top of the hemisphere to redirect and collimate the beams. 
CONCLUSION
In the framework of automotive applications, where there exist rigorous constrains of space, weight, and robustness, holographic optical elements can provide unique solutions to otherwise intractable problems.
For HUD, holography allows large and conformational combiner to be coated directly on the windshield. These diffractive elements operate outside the laws of simple reflection, which allows for image correction and eliminates the double reflection produced by other techniques. Using waveguide optics, the combiner can also be used to expand the size of the pupil. In this case, the holograms act as injection, redirection, and extraction elements, which further reduces the size of the overall system. For LIDAR scanners, used in autonomous vehicle, holography can be used to make fast, robust, and compact non-mechanical beam steering device. However, so-far, these promising devices only offer steering angles of a few degrees. We propose to use multiplexed Bragg gratings on top of the steering device to amplify this angle. We demonstrated, using ray tracing, that such a system can cover up to 4π steradian. Our next step will be to make a demonstrator for the technology.
